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A THERMODYNAMIC ANALYSIS OF INTERNAL- 
COMBUSTION ENGINE CYCLES 


I. INTRODUCTION 


1. Objects of Investigation.—In the theoretical analysis of the cycle 
of an internal combustion engine three degrees of approximation may 
be observed. The simplest and crudest system of analysis gives the 
so-called “air standard,” which is still used in estimating the efficiencies 
of engines. In this analysis it is assumed that the medium throughout 
the cycle is air, or, at least, a gas having the same properties as air. 
During the combustion phase the air is supposed to receive an amount 
of heat equal to the heat of combustion of the fuel. Usually the specific 
heat of the air is taken as a constant. The air standard efficiency 
deduced from this analysis can hardly be regarded as an approxima- 
tion; it is always from 10 to 25 per cent higher than the efficiency 
obtained from more accurate analyses. 

In the second system of analysis the properties of the actual gas 
mixtures are used. It is recognized that the medium compressed is a 
mixture of fuel and air, and the medium undergoing adiabatic expansion 
after combustion is an entirely different mixture, having different prop- 
erties. In this analysis, however, it is assumed that combustion is 
complete before adiabatic expansion begins. 

It is now well known that at the maximum pressure and tempera- 
ture attained in the cycle the combustion is not complete, and that 
through the dissociation of the products CO, and H,O as the tempera- 
ture rises above 2500 deg. F. there will be unburned CO and H, in the 
mixture at the beginning of adiabatic expansion. As the temperature 
falls during expansion the combustion continues until at the end of the 
expansion it is practically complete. The third system of analysis takes 
account of these phenomena. By the method outlined in Bulletin No. 
139* the maximum temperature, taking account of dissociation and 
chemical equilibrium, may be calculated; then, as shown in a later 
section of the present bulletin, the conditions of adiabatic expansion | 
accompanied by combustion of the unburned CO and H; are established, 
and the temperature at the end of expansion is determined. 

It is the principal object of this investigation to apply this accurate 
system of analysis to the two leading cycles of the internal combustion 
engine, and to obtain thereby accurate values for ideal efficiencies under 


*“An Investigation of the Maximum Temperatures and Pressures Attainable in the Com- 
bustion of Gaseous and Liquid Fuels,” Univ. of Ill. Eng. Exp. Sta. Bul. 139, 1924. 
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various conditions. A secondary object is the comparison of the |} 
efficiencies obtainable for various liquid fuels. 


2. Acknowledgments.—Credit is due Mr. Grorce T. Fevsecx for | 
a considerable amount of the preliminary work in the preparation of |; 
this bulletin. Mr. Feipecx outlined the methods to be pursued in the | 
analysis of the various cycles and developed the analysis of the adiabatic | 
expansion with combustion still proceeding. His assistance is gratefully | 
acknowledged. The assistance of Mr. ALBrrT E. Hersuey, in offer- | 
ing various suggestions, is also acknowledged. 


II. DeFINITIONS AND THERMODYNAMIC Laws 


3. Gas Mixtures.—For convenience of reference a condensed state- |} 
ment of the principal laws of gases is here given. For a more complete | 
exposition the reader is referred to Bulletin No. 139. | 

The unit of weight is taken as the mol, which is the weight in pounds | 
indicated by the molecular weight. Thus 1 mol of oxygen (Oz) = 32 lb., | 
1 mol of CO, = 44 |b., etc. With a pressure of 14.7 lb. per sq. in. and a 
temperature of 32 deg. F., 1 mol of any gas has the volume 358.7 cu. ft.; 
for 62 deg. F. the volume is 380.6 cu. ft. 

Denoting by v the volume of 1 mol in cubic feet, the equation of a 
perfect gas is 


pv = RT 
where R = 1544, with p in lb. per sq. ft., and T absolute temperature 
: f 
Fahrenheit. The product AR = 778 xX 1544 = 1.985 is of frequent 


occurrence. 


The volume composition of a gas mixture is also a mol composition. 
Thus the composition 


CO, — 0.30 
H.O = 0.20 
Ne = 0.50 

1.00 


signifies that if the CO, is separated from the mixture its volume at the 
same pressure will be 30 per cent of the volume of the original mixture. 
It also signifies that 1 mol of the mixture contains 0.3 mol of COz, 0.2 
mol of H,0, ete. 


The total pressure of the mixture is the sum of the partial pressures 
of the constituents, 


P= Pit pot ps + ae OF Pets oc) 


AN ANALYSIS OF INTERNAL-COMBUSTION ENGINE CYCLES 9 
and the partial pressures are respectively proportional to the number 
of mols of the constituents; thus 

Pi: Po: p3: oe et eo we =N1- Ne. Ng +222 « 


4. Specific Heats.——The specific heat of a gas is a function of the 
temperature, usually a second degree function. Thus for constant 
pressure, and constant volume, respectively, 


Yo =a+bT+cT? 
Yy=a+b7T+cT? 
and 7p — ¥, = a—a’ = AR = 1.985 


Expressions for the specific heats of a number of gases are given in 
Bulletin No. 139, p. 106. 


5. Energy, Thermal Potential, and Entropy.—The energy of 1 mol 
of a gas is given by the expression 


u = fydT + 


The energy of a mixture of gases is the sum of the energies of the indi- 
vidual constituents: 


U = mf v,4T + ref, dT + Sales oS + 11 Up, + Neto, + Foetrt Cae 


From the definition of thermal potential 
t=u+tApv=u+ART 


i= frpdT + % 


and for a mixture 
aN Re ee LS alba et era 


The entropy of 1 mol of gas is 
dT 
$= Wie — AR log. p + % 


The symbol h is used to denote the sum 


then 
s=h-— AR log. p 


For a gas mixture 


S = 181 + N82 ++ +++ 
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6. Heats of Combustion.—For combustion at constant volume 
Jel So U;1 = Us 
and for combustion at constant pressure 


H, =I, — I, 


The subscript 1 refers to the initial mixture of fuel and air, the subscript | 
2 to the mixture of products. Thus for the reaction 


H, + 1402 a H.O 
H, = Uy, + uo, — Ug,0 


The initial and final temperatures must be the same. 
The following notation will be employed frequently: 


=n = V2 Dp. = Ho Res ag" 
=nu = Hy mna =o! INS = k 
rm = Hy =nb = a! =nh = Xr 


In the formation of these sums the number of mols n is taken from the | 
reaction equation; the products belonging to the constituents in the | 
fuel mixture are given the positive sign, those belonging to the con- | 
stituents in the mixture of products the negative sign. For example, 
consider the reaction 
C,H, -- 30> ‘=> 2COs at 2H,O 
o = Ind = don, + 3d9, — 2acgo, — 2ay,0 52 = 1+3-—-2-—-2=0 | 
The difference between the heats of combustion H, and H, is 
H,— H, = zART 
Also 
A, = Hy +T (oo + Yo" T + Veo!” T?) 
H, =H) +T (0 — zAR+ Yo" T+ Vol” T?) 
7. Energy Equation Applied to a Chemical Reaction—When an 
amount dx of a constituent is transformed the work obtained is the 


product Xdzx, and X is regarded as the driving force of the reaction. 
With several reactions proceeding simultaneously the work is 


dW = Xidxy+ Xodx.+ X3dx3 res 


If there is a change of volume during the process the element pdV must 
be included. 


The energy equation for the process is, therefore, 


dQ = dU + Xida, + Xeda, + ale renege + ApdV 
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8. Thermodynamic Potentials—By the introduction of the potential 
functions 


f= U—TS 
F,=U—TS+ApV =I-TS 


along with the relation dQ = TdS, the following equations are obtained 
from the energy equation :* 


= dF, = Xda, + Xodx. + OO} GC + ApdV 
— dF, = Xidu,+ Xedaz.+----- — AVdp 


These equations are valid for isothermal processes only. 
9. Chemical Equilibrium.—The conditions of equilibrium for any 
thermodynamic system are the following: 


(1) With T and V constant 
F,isaminimum, dF, = 0 
(2) With T and p constant 
F, is a minimum, dF, = 0 
The application of these conditions to a gas reaction gives an equilibrium 
equation of the general form 
H 
AR log. Ky = o = clog Tele To Vol 1? (cee) 
In this equation the symbol K, applies to a function of the partial 
pressures of the constituents when the gas mixture is in equilibrium. 
The function is given by the equation 


log, K, = — Zn log. p 
Thus for the reaction H, + 4% O2 = H:0 
log. Kp = — log, py, — 4 log. po, + loge Puzo 
whence 
PHO 
LSS ee 
a PuyPox 


for the reaction 


CH, a 205 = CO, +- 2H.O 


wes Pcos PHO 
Pou, Pdz 


*“An Investigation of the Maximum Temperatures and Pressures Attainable in the Com- 
bustion of Gaseous and Liquid Fuels.’’ Univ, of Ill. Eng. Exp. Sta. Bul, 139, p. 23. 
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Three equilibrium equations are required for the analysis of the cycles i) 


of internal combustion engines: 
(1) For the reaction H, + 1% O2; = H.0 


ee — 1.135 log. T — 0.4713-10- T 


+ 0.0605-10-° T? —2.3 
(2) For the reaction CO + 144 O2 = CO2 


AR log, Ky = 


AR log. Ky = a — 3.245 log. T + 1.95-10- T — 0.13-10-§ T? +0.6 
(3) For the water-gas reaction H, + CO, = H.O + CO 
18110 
AR log. Kp = a + 2.11 log, 7 — 2.4213-10° T 


+ 0.1905-10-§ T? — 2.9 


Values of logio K, for the first two of these three reactions are given in 
Tables 30 and 31, and values of K, for the third in Table 32, Bulletin 
No. 139 (pp. 144-149). 


Ill. Orro anp DirseL Cycurs 


10. Description of Otto Cycle: Assumptions.—The indicator diagram 
of the ideal Otto engine is shown in Fig. 1. The line 0-1 indicates the 
entrance of the charge of fuel and air during the first stroke, the 
curve 1-2 the compression of this charge on the return stroke. The 
line 2-3 represents the rise of pressure at constant volume when the 
charge is ignited and the fuel is burned, and the curve 3-4 the expan- 
sion of the products of combustion. At point 4 the exhaust valve 
opens and the products pass out of the cylinder into the exhaust. The 


Fes ONG, 
2 

¢ 

O / 

V 


Fic. 1. Inpricaror Diagram or 
Ipgau Orro CyciE 
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Fia. 2. T-S Dracram or IpgEAL Orro CyciE 


line 4-1 does not represent a change of state; what occurs at release 
will be discussed in the next section. On the fourth stroke part of the 
gas mixture remaining in the cylinder is pushed through the exhaust 
valve; some of the mixture, however, remains in the clearance space and 
is mixed with the incoming charge. 

To simplify the analysis certain conditions are assumed for this 
ideal cycle: 

(1) that the pressure of the mixture during the suction stroke and 
also during the exhaust stroke is the pressure of the atmosphere, and 
hence the ideal cycle shows no ‘‘pumping loss;” 

(2) that all the operations of the cycle are adiabatic, and that 
there is no loss of heat to the external surroundings; 

(3) that the combustion is at constant volume, that is, line 2-3 is 
vertical; 

(4) that in the case of a liquid fuel, the fuel is completely vaporized 
before entering the cylinder. 

11. Analysis of Otto Cycle.—An accurate analysis of the Otto cycle 
requires a careful study of all the changes of state of the medium; and 
for this purpose a representation of the cycle on the T—S plane is useful. 
In Fig. 2, point 1 represents the state of the fuel mixture at temperature 
T, just at the beginning of adiabatic compression. The vertical line 1-2 
represents the adiabatic compression of this mixture, and curve 2-3 
represents the change of state during combustion. The vertical line 
3-4 represents the adiabatic expansion of the mixture of products. At 
point 4 the exhaust valve opens and the products of combustion sweep 
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out into the atmosphere. This irreversible process is accompanied by an — \, 


increase of entropy and point 5 represents the state of the products iP 


mixture at the end of the process. Finally the constant-pressure curve | 
5-6 represents the cooling of the products from temperature 7’; to the 
initial temperature 7’. 

It will be observed that the cycle is not closed; the initial point 1 
represents the state of the initial mixture at temperature 7 and atmos- 
pheric pressure, while point 6 represents the mixture of products at the 
same pressure and temperature. The following equalities may be 
noted: 


T= 7, 

Dg = Ps = Pi = Pa, atmospheric pressure 
V4 == Vi 

V. = V3 = clearance volume 


Referring to Fig. 1, it is seen that the process represented by 4—1 does not 

involve any work so far as the engine is concerned. Hence (W) the work 

of the cycle is that obtained in the three changes of state 1-2, 2-3, 

3-4. We have then 
(W) = iW == 2W3 aF 3W4 


and since these changes are all adiabatic 


The process 4—5.may also be regarded as adiabatic, but in the constant 
pressure change 5-6 heat is rejected to the atmosphere. Thus 


5.5 = Ie — Is 


(2) 
or —Q =I1,—I¢ ) 


To determine state 5 the energy equation is applied to the change of state 
4-5. The work done when the volume is increased from V4 to V; against 
the pressure p. is Apa (Vs — V4) and the change of energy is U; — U4. 
Assuming that the process is adiabatic, the heat equivalent of the work 
done is equal to the decrease of energy, or 


ApaVs =a Va) = U,-— Us 
whence 


U4 + ApaVi = U; —- ADaVs =I; (3) 


Substituting this expression in (2) 


— Qe = Us+ ApaVs — Ie (4) 
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Equation (1) gives the work of the cycle A(W) and equation (4) gives 
the heat rejected. The sum of these, as in all heat engine cycles, is the 
energy supplied. This sum is 


A(W) a 5Qe == (U, = U4) mia (U4 Be ADaVi = Ig) 


= Ui+ ApaYs — Ie (5) 
Since 
Va= Vi ) ApaVi = ApaVi 
and U, + ApaNi = Ihe 
Hence 


A(W) — Qs = 11 — I (6) 


At point 6 the temperature of the products mixture is the initial tem- 
perature 7), and the temperature is so low that the combustion is com- 
plete. The difference I, — I, is, therefore, the heat of combustion H, 
of the fuel at constant pressure and at temperature 7). It is interesting 
to note that while the combustion process 2-3 is at constant volume, 
nevertheless, the energy supplied must be taken as H,, the heat of com- 
bustion at constant pressure. The truth of this statement is evident 
from the following considerations: the initial state of the mixture is 
represented by point 1, the final state of the products by point 6, and 
during the passage from 1 to 6 directly along the isothermal 1-6 the heat 
H, is developed. No matter what series of processes intervenes between 
states 1 and 6, H, is the energy supplied. 

If the chemical energy of the fuel could be transformed directly 
into electrical energy at constant temperature 7), then the heat rejected 
would be 7, (Ss — Si) represented by the area under 1-6. This heat 
is from 1 to 10 per cent of H,, depending on the properties of the fuel. 
With the Otto cycle the heat that must be rejected is represented by the 
much larger area under 5-6. 

The ideal efficiency of the cycle is the ratio of A(W), the heat 
equivalent of the work, and H, the energy supplied. 


That is 
mu A(W) 


haeudls (7) 


12. Diesel Cycle: Assumptions.—The indicator diagram of the ideal 
Diesel engine is shown in Fig. 3. The line 0-1 indicates the entrance of 
the air during the first stroke, the curve 1-2 the compression of this air 
on the return stroke. At 2 the fuel is forced into the cylinder and due 
to the high temperature of the compressed air it ignites. The supply of 
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Fic. 3. Inpicator D1acRAM OF 
IpeaL Diese Cycie 


fuel continues as the piston moves back, causing a combustion at 
constant pressure. The curve 3-4 represents the adiabatic expansion 
of the products of combustion. At point 4 the exhaust valve opens and 
the products pass out of the cylinder. On the fourth stroke part of the 
gas mixture is pushed through the exhaust valve; some of the mixture, 
however, remains in the clearance space and is mixed with the incoming 
air. 

To simplify the analysis certain conditions are assumed for the 
ideal cycle: 

(1) that the pressure of the air during the suction stroke and also 
that of the products during the exhaust stroke is the pressure of the 
atmosphere, or in other words there is no “pumping loss;” 

(2) that all the operations of the cycle are adiabatic; 

(3) that the combustion of the fuel is at constant pressure, that is, 
the line 2-3 is horizontal; 

(4) that in the case of liquid fuel, the fuel is completely vaporized 
before entering the cylinder; 

(5) that the fuel is injected into the cylinder without admixture of 
compressed air, and that it enters the cylinder at the temperature 7). 


18. Analysis of Diesel Cycle-—The analysis follows very closely the 
analysis of the Otto cycle. The temperature-entropy diagram has the 
same general appearance as that for the Otto cycle, Fig. 2. 

The energy U; of the air in the initial state 1 is supplemented by the 
energy brought in by the oil during the operation 2-3. The energy of 
1 mol of oil at temperature 7, may be denoted by w:’. To this must be 
added the equivalent of the work of forcing the oil into the cylinder, 
and the sum is simply the thermal potential 71’. For the adiabatic cycle, 
the work is given by the equation 
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AWW) = Ui +i — U4 (8) 
As in the Otto cycle, the heat rejected is 
— Qs = Us+ ApaVi — I (9) 


and the sum of the two is 


A(W) <2 5Q6 = U,+ 11 ato ApaNi —I¢ 
=1,+ 12,’ —Ig (10) 


Again, this expression is that for H,, the heat of combustion at constant 
pressure of 1 mol of the oil. 
The expression for efficiency is the same as for the Otto cycle; 
- that is, 
A(W) 
7 = Lil 
a (11) 


14. System of Calculation.—In the expression for the work of the 
cycle, namely, A(W) = U1 — Us, the value of the energy U; is known 
from the initial conditions. (In the case of the Diesel cycle the sum 
U, +72)’ is known.) The evaluation of U4 requires a knowledge of the 
temperature 7’, and the composition of the gas in state 4. The calcu- 
lation of 7’, and the composition at state 4 involves the following steps: 

(1) The initial mixture is determined, taking account of the effect 
of the exhaust gas remaining in the clearance space. 

(2) Temperature 7, and pressure p» at the end of adiabatic compres- 
sion are determined. 

(3) Taking into consideration the combustion process 2-3, the 
maximum temperature 73 and the corresponding pressure p3 are de- 
termined. The effect of dissociation must be taken into account. In 
the case of the Diesel cycle, the relation between the volumes V2 and V3; 
must receive attention. 

(4) Temperature 7’, is determined for the adiabatic expansion 3-4; 
at the same time the composition at the state 4 is found. 

(5) Having the conditions at point 4, the energy U4 is found, and 
from this, the work A (W) and the efficiency of the cycle. 

These five steps will be considered in detail in the following sections. 

15. Initial Mixture.—In the operation of the actual engine some of 
the exhaust gas remains in the clearance space and mixes with the 
incoming fresh charge. The temperature of the exhaust gas that passes 
from the cylinder is 7’; (Fig. 2) and is lower than the temperature 7’, 
at release. However, this drop of temperature does not reach to the 
gas remaining in the clearance; while the temperature of the trapped 
gas may be a little lower than 7’, it is probably nearer T, than 7. 
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In the estimation of the initial mixture it is assumed, therefore, that the 
temperature of the gas in the clearance space is T'4 and that the pressure 
is atmospheric. This gas mixes with the charge which is at temperature 
T, and atmospheric pressure; and the resulting mixture is required. 

Let V. = clearance volume 


V = total cylinder volume including clearance 

V 

ae the ratio of the volumes 

m, = number of mols of entering charge of fuel and air 


mn, = number of mols of gas in clearance space 
T, = final temperature after mixing 


The gas equation applied to the gas in the clearance space is 
PaVe = NRT, 
Applied to the final mixture, it is 
DoV = (mi + 1.) RT 


Therefore, 
wa a ee nN ie Ne Ti 
V. Me Ts 
or 
Ni Ts 
li an Oe | 
Ne "Tr, (12) 


Since the mixing process is at constant pressure, the thermal potential 
2 is constant, and the equation that represents the interchange of heat 
is 

N41 (T1 aay Ts) Vp" = Ne ke as T;) vp! (13) 


in which y,’ denotes the mean specific heat of the fresh charge, and 
yp the mean specific heat of the exhaust gas. Taking y,’’/7,’ = 8, the 
equation becomes 

Ny SB = 1h 

rat Bi T, (14) 


From the two equations (12) and (14) the unknowns n, and T; may be 
determined. 

At the beginning of the calculation the temperature 7’, is unknown. 
A probable value is assumed and values of n, and T; are obtained. If 


the value of 7, ultimately found differs considerably from the assumed 
value, the calculation may be repeated. 
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16. Adiabatic Compression.—The initial mixture consists of 
ni = m1 + n, mols at temperature T; and volume V. This is compressed 
adiabatically, as shown by curve 1-2, Fig. 1, to a volume V2(= V,). 
The temperature 7, and pressure p, at the end of compression are re- 
quired. 

The basic equations for the process are the following: 


Oa eee A par 
dU = y,dT = (a’ + bT + cT*) dT 


The elimination of p between these equations gives at once the equation 
: dV 
(Gro ter) ar + mART: = 0 (15) 


and integration between limits T7;, Vi and T., V2 gives the desired re- 
lation 


ie V 
a’ loge + W(P2 — Ti) + Ye (T; — Ti) = mAR log. 
= n.AR log.r ao 
Let 


a’ log. T + 6T + YcT? = o 
then equation (16) may be written 
®, — &, = 4.571 n; logiwr pms) 


(Since 2.3026 AR = 2.3026 X 1.985 = 4.571) 

Tables of the values of the function ¢ for various temperatures have 
been calculated. Each constituent, as H2., CO, H20, etc., has its series 
of values. Hence, at the known temperature 7; the value of ® of the 
initial mixture is 

Pir OU te fe ee oe (18) 
Several probable values of the temperature JT. are assumed and the 
corresponding values of #2 are calculated. The value of 7. for which 
equation (17) is satisfied is the temperature at the end of compression. 

The pressure p» at the end of compression is deduced from the two 


equations 
pM = nkT, 
PoV2 = RT» 
whence 
T, Vi T» 


Sip Ae yee 19 
P= Pin y, = Pry, (19) 
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17. Combustion Process (Otto Cycle).—The line 2-3, Fig. ‘1, repre- | 
sents the combustion of the fuel at constant volume. In the ideal case | 
the process is also adiabatic, that is, no heat is transmitted from the 
medium during the process of combustion. It is assumed that when 
state 3 is reached the gas mixture is in equilibrium. The subscript 2 
was used to indicate the initial condition, that is, at point 2; similarly, 
the subscript e will indicate the equilibrium state, and the subscript p 
a hypothetical state of complete combustion. 

The initial mixture being known, the mixture of the products of 
complete combustion is readily found. The composition of this mixture 
may be as follows: 


CO. = ni mols 
H.O = n2 mols 
Oo =, Mois (2) 
Ne =’ mols 
Total N» mols 


It is assumed that at least sufficient oxygen for complete combustion 
is supplied. Then in the preceding composition n,’ denotes the excess 
oxygen. The mixture at equilibrium will contain unburned CO and Hg. 
Denoting by x and y, respectively, the parts of CO and Hz consumed, the 
equilibrium mixture has the composition 


CO, = M2 
CO. =n,(1 — 2) 
H.O = ny 
Ha» =n y) (b) 
Oz => Ne 
Ne mes nl"! 
Total Ne 


It is convenient to assume the following hypothetical processes: 

(1) The fuel mixture is completely burned, giving the final com- 
position (a). 

(2) Then the part 1 — 2 of the CO, and the part 1 — y of the H,O 
are dissociated. The result is the equilibrium mixture (b). 

The following relations are readily found: 


Me = hy + Yom (1-2) + Yona (1—y) = m, — Vom — Yanay| cop 
ne = Ny + Yom (1—a) + Yong (1—-y) = nh — Yon — Vonyy | (20) 


where Ns = Ny + Yoni + Yong 
n’,=n, + Yn t+ Yn 
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The state of the mixture in equilibrium at the maximum temperature 
(the state represented by point 3, Fig. 1) is specified by three variables: 
x,y, and T., the temperature at equilibrium. To determine these three 
unknowns, three equations are required. A full discussion of these 
equations and of the methods of using them is given in Bulletin No. 139, 
Chapter IV. The following is a brief summary: 

The first of the required equations is deduced from the energy 
relations involved. Conceive that the initial mixture is completely 
burned at the initial temperature (72 in this case) and that the heat 
thus developed is used (1) to dissociate the part (1-x) of CO, and the 
part (1-y) of H.O, and (2) to raise the temperature of the resulting 
mixture having the composition (b) from the temperature J to the 
equilibrium temperature T,. 

Let H,, denote the heat of combustion of the fuel mixture, Heo and 
Hy, the heats of combustion of CO and He, respectively, all three at 
constant volume and at temperature TJ». Also let U’ denote the energy 
of the equilibrium mixture (b) at temperature 7. and U”’ the energy 
of the same mixture at the equilibrium temperature 7’. Then the energy 
equation is 


iE =n el — 2) Heo + ne (1 — y) eh U" — Gu (21) 


The energy difference U’’ — U’ may be expressed as follows: Let Au 
denote the increase of energy of 1 mol of a constituent when the tem- 
perature increases from T. to T.. Then taking the constituents from 
composition (b) 


U" — U'= maAuco, + m1 (1 — 2) Augo + neyAug,o + m2 (1 — y) Aug, 
+ n’Auo, + n’’Auy, (22) 


The three diatomic gases Oo, No, and CO, having the same energy per 
mol, may be included in one term; thus 


[m1 — x) +n’. +n" JAup 


It is evident that x and y appear in the first degree only, and the equation 
(21) may ultimately be reduced to the form 


y=b—az (23) 
The expressions for the constants a and 6 are the following: 


*, 36niAup — mAuco, + Heo (24) 
tHe, + noAuy, c= n2AUs0 + Yon.Aup 


a 
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aes (ni +i +n!) Aup + n2Aug, + moo + mH yp, — Hm 


(25) 
nol y, 8 n2Auy, Fp: Auy,o ate Yone Aup 


The values of the constants a and b will, of course, vary with the assumed 
value of the temperature 7’. 


The condition of equilibrium at temperature TJ, gives the two 
equations 


Pcoz x N, 
K,co) = = = — (26) 
mu pooPés 1 — aN ntp 
PH, y 
Kya.) = 0 = 


Ne 


27 
Pu,Po, 1—yYnip ae 


in which P denotes the pressure of the mixture. The unknown pressure 
is eliminated through the equations 


PV-=7,RT: 
P3V =7R7; 
from which 


(28) 
Equation (26) thus becomes 


K on xv IniT's al 
p(CO) — i, nbP» —/T. 
or more conveniently 


niTs : | 
— Vlog nt | 
P, 4 log n | 


(29) 
A combination of equations (26) and (27) gives the equilibrium constant 


log Kyo) + “log T. = log x — log (1—2) + %log 


for the water-gas reaction; thus 


- y (1 — 2) 
Kowa) = REED) =C (30) 
The elimination of y between equations (23) and (30) gives the quadratic 


a(c— lja?+ [fa+b—c(b—D]e-—b=0 
and the solution of this is 


_e(b—1)— (@+b) + Vie®— 1) — @ 4B) 4 4b (e— 1) (31) 
2a (c — 1) 
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The calculation proceeds along the following lines: Several probable 
values of 7, (= 7's) are chosen, as 4500 deg., 4600 deg., 4700 deg. For 
each of these temperatures the constants a and b are calculated from 
equations (24) and (25), and for each the constant c is known. Then 
from equations (31) and (23) values of x and y for these assumed tem- 
peratures are calculated. In this way simultaneous values of T., x, y 
that will satisfy equations (23) and (30) are obtained. There remains 
the satisfaction of equation (29). The simultaneous values of x and y 
are substituted in the second member of (29) and thus give the values 
of a function R (x, y). The corresponding values of 7’. are substituted 
in the first member of (29) thus giving the values of a function L(T7). 
The curves representing these two functions are plotted, and the inter- 
section gives the required value of 7’, and the corresponding values of 
xz and y. 

The details of the calculation are shown in the illustrative ex- 
ample, p 32. 


18. Combustion Process (Diesel Cycle).—In the Diesel cycle the 
combustion is at constant pressure. The procedure outlined in the 
preceding article will be modified slightly as follows: 

In the energy equation (21) Hn, Hoo, Hy, will be taken as the heats 
of combustion at constant pressure and at temperature T.; and the 
difference U’’ — U’ will be replaced by J’’ — I’. Also in equation (22) 
the Aw’s will be replaced by Az’s. Since the pressure is constant, 
equations (26) and (27) are applicable as they stand. Equation (29) 
may be written in the form 


log Kyco) = logx — log (1 — x) + Ylogn. — Ylog ni — WYlog P (82) 


Save for the preceding changes the procedure is exactly the same as for 
the Otto cycle. 

In the case of the Otto cycle volumes V3 and V»2 are equal; but in 
the case of the Diesel cycle volume V3 is different from V2 and must be 
known in order that the adiabatic process 3-4 may be calculated. From 
the gas equation 


pV. = n2 RT, 
pV3 = n3RT; 
Hence 
T: 
Y= (33) 
no T> 


In these equations n. is the number of mols of initial air and nz the num- 
ber of mols in state 3, that is, n. in composition (b). 
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19. Adiabatic Expansion.—During the adiabatic expansion from the 
equilibrium temperature and pressure to the final temperature and pres- 
sure at the end of the stroke, it is assumed that the mixture is continually 
in equilibrium. On this assumption the reaction is reversibleand further 
combustion of H, and CO does not give an increase of entropy. Under 
these conditions the entropy of the mixture remains constant through- 
out the expansion. 

The deduction of the equation of the adiabatic involves tedious 
algebraic manipulation, but some labor may be saved by a careful 
arrangement of the notation employed. In the first place consider two 
compositions: (a) the composition of products on the assumption that 
combustion is complete; (b) the composition of the equilibrium mixture, 
which is obtained from the first mixture by dissociation of some of the 
CO; and H,O. 


(a) (b) 
Products of Complete Mixture at Equilibrium 
Combustion 
CO, Ni CO, Nix 
H,O Ne CO nil — 2) 
O2 Te H,O Ney 
No n” He ne (1 — y) 
—_——_—_—. Oz vp tl4mid1—-2z)+ 
Np Yon, (1 — y) = 1’. 
N, nl! 
Ne 


As in equation (20) 


Ns = Np + Yon + Vane js = Np + Yoni + Yong 
then 
nm =n, — Yonex — Yony sre = ns — Yomx — Vony 

Now taking the expression h — AR log. p for the entropy of 1 mol 
of a gas (see p. 9) the entropy of the equilibrium mixture may be 
determined as the sum of the entropies of the constituents. The total 
entropy S may be taken as the sum of two parts S’ and S”’, of which 
the first is contributed by the terms involving the h’s and the second 


by the terms of the form AR log, p. These parts are evaluated separ- 
ately. 


S' = mthco, + m(1 —2)hco + neyhy,o + ne (1 — y)hy, 
+ (ns — Yama — Yony)ho, + nhy, 
= Niheo + Nohy, + Nsho, + n"hy, . 
_— mx(heo + Yaho, — heo,) — ny (ha, + Yho, — hy,o) 
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By an obvious transformation 


"= milheo + Yeho, — hoo) + ne(hu, + ho, — hizo) + nihco, 
+ nehy,o + (ns — Yam — Yone) ho, + n”hy, — ma(hco + Yho, 
— heo,) — ny (hy, + Yaho, — hy,o) . 


But 


heo + Yoho, ma heo, = co; hy, ta Yoho, <3 hi,0 aN 
Therefore, finally 


S’ = Mihco, a= Nohy,.0 ap Npho, aa n'' hy, = ni(1 TS XL) Aco —- no(1 _— Y) Mu, 
(34) 


It should be observed that the first four terms of this expression involve 
precisely the factors in the composition (1) resulting from complete 
combustion. 

For the part S’’ the following expression is deduced from mix- 
ture (2). 


S” = — AR[nz loge poo, + m(1 — 2) loge Poo + ney loge Py,0 
+ ne (1 — y) loge py, + (my — Yama — Yoney) log. po, (35) 


+ n" loge pn, | 


The partial pressures poo and py, are eliminated by means of 
the relations 


PCOs PHO 
Kyco) = Tie. toe) = ae 
Le vi, a Dep. 
from which 
loge Pco = loge Poco, — 4 loge Po, — loge Kyo) | (36) 
loge Pu, = loge Px,o — loge Po, — loge Koun,) | 


The substitution of these expressions in equation (35) gives the equation 


8” = — AR[ni log. Poco, + Ne log. PH.o + Np log, Po, + n" loge PN2 
— m1 (1 — 2) log. Kyco) — 2 (1 — y) loge Kya, (37) 


The four partial pressures involved are given by mixture (2); thus 


Ny1X 
(UCN, = As 


Ney 
le. PHO = ae Ps etc. 


é é 


in which P is the varying pressure of the mixture and n, the varying 
number of mols during the adiabatic expansion. From the gas equation 
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PYV-=7 ht. 
or 

P_RP 

Ne eat (2 
Hence 


ni loge Poo, + 2 loge PH,o + 2’y loge Po, + 7” loge py, 

= 7,102, se + nlog.x + nzlog.y + nj, log. nt + ni log, m 

+ nelog.ene + n” log. n”’ 

= Np loge + mi log.t + n2log.y + nj, log.nt + C (38) 
Combining the results given by equations (84), (37), and (88), the 
following expression is obtained for the entropy of the mixture: 


S =n heo, + Noho aL n> ho, + n"'hy, ar ARn, log. da 
+ m1 (1 — 2) (Aco + AR log. K poo) +2 (1 — y) (An, + AR log. K pcx) 
+ARn, log. V — AR [ni log. « + nology + nj, log. ni] + C’ (39) 


The first line of the second member may be reduced as follows: The 
function h (p. 9) is defined by the equation 


and with 
Yp =a+0T + cT? F 
h=alog.T + 02 + Yel? sy (40) 


A second function ¢ is defined as follows (p. 19): 


¢ =a’ log. T + bT + YcT? 


Hence 
h=¢+(a—a’) log. T + s 
= ¢+ AR log, T+ s (41) 


Therefore, the first line of equation (39) reduces to | 
11 bc0, + N2bu,0 + Np bo, + nox, + Usp 


and Znsp is a constant that may be merged in the constant 0’. 


A further reduction of equation (39) is possible. Since the mixture 
is in equilibrium during the adiabatic expansion, the conditions of 
equilibrium (Bulletin No. 139, p. 30) impose the relations 
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H 

hoo + AR loge Kycoy = (42) 
_ Aaa) 

An, + AR log. Kyay,) = Te (43) 


Making the changes in equation (39) the final equation for the entropy 
of the mixture is 


H 
ie nideo, 6 tadig ct Ny! b0, a n! by, +n,(1- X) - a 


H 
+ ne (1 — y) ate — AR[n log. x + nz loge y + nj, log. ni 
in, lozeV) C0” (44) 


This equation enables one to calculate the temperature of the 
mixture of products at the end of the adiabatic expansion. Taking 73 
as the temperature at the point of maximum temperature and 7’, as the 
temperature at the end of expansion, the procedure is as follows: 

The conditions at point 3, namely, 7's, x3, y3 have been determined 
by the methods of the preceding section. For the temperature 73 the 
heats of combustion Hygo) and Hpq,) are known. Consequently, the 
value of S from equation (44) can be calculated. The constant C’’ 
is, of course, omitted since it is the same at both points. 

Now several probable values of 7’, are assumed. The values of x4, 
ya are unknown, but y, is very nearly equal to 1. For each assumed 
T , values of x4 and y4 are so determined that the equilibrium conditions 
are satisfied. Then for each 7’, all the elements required for the calcu- 
lation of S from equation (44) are present. The value of 74 for which 
S; = S.zis the value sought. This may be obtained by interpolation or 
by the intersection of curves. : 

The details of the calculation are shown in the illustrative problem, 


p. 33. 


20. Expression for Work.—From the general equation (1) of Sec- 
tion 11 the work of the Otto cycle is the difference of energy Ui — U4. 
But the energy U, is partly thermal energy and partly chemical energy 
of the parts (1 — x4) of CO and (1 — y,) of Hy stillunburned. Further- 
more, if part of the constituents are still unburned the number of mols 
of the products in state 4 is different from the number n, for complete 
combustion. 

. Let the symbol U with a system of double subscripts denote the 
energy of a mixture for various assumed states. Thus 
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U;, = energy of initial mixture at temperature T1 

U», = energy of mixture of products of complete combustion at 
temperature 7"; 

energy of mixture of products of complete combustion 
at temperature T's 

U., = energy of actual mixture at state 4 


Un, 


Now 
ACW) = Un, — U1 =U, = U5) UG) a 


The first quantity in parenthesis is the heat of combustion H, at constant 
volume and at the temperature 7;. The second is the difference between 
the energy of the products in the state 4 and the energy of the products 
at the same temperature 7', if the combustion were complete; it is there- 
fore the chemical energy of the unburned CO and H;. Hence 


U,— Uy, =m (1 — 2) Haco) + m (1 — y) Aocs,) (46) 


these heats of combustion being taken at the temperature 74. The 
third quantity in parenthesis is the heat required to raise the tempera- 
ture of the products of complete combustion from temperature 7 to 
temperature 7’, . Referring to the mixture (a) of products of complete 
combustion 


Os, = U,,= nil w4a— U1) CO» + No (Us—U1) H,0 ar (np+ n't) (us— Ui)D 


or 


Uy, — Up, = mAuco, + neAugo + (n'y +n’) Aup (47) 
Hence, finally 


A (W) = Hey, — m (1 — 2) Hoo) — m2 (1 — y) Boca, 
— [niAuco, + n2Aug,o + (nh +n’) Aun] (48) 


The same expression applies to the Diesel cycle. 


21. Mean Effective Presswre——Having the work A(W) in B.t.u., 
the mean effective pressure of the ideal cycle is given by the equation 


778 A(W) yes 
144 (Vi — Ve) (49) 


22. Otto Cycle with Insufficient Air—When the air supplied is 
insufficient for the complete combustion of the fuel certain modifica- 
tions in the system of computation must be made. 

With sufficient air the products at the end of adiabatic expansion 
contain relatively little CO and Hz; therefore, the residual gas that is 


m.e.p. = 
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mixed with the incoming charge may be considered as composed of 
COs, HO, No, and excess Op. If the air supply is insufficient the residual 
gas must contain in addition some CO and H; but no excess Os. In order 
to get approximately the composition of the residual gas the following 
procedure is adopted: 

The gas is assumed to have the composition 


COs = N12 
CO- = Ni (1 = x) 
H,O = Noy 
H, = 7,(1— y) 
N. = n! 


From the reaction equation may be found the values of m1, ”2, n’, and 
one relation between x and y. As an example, take the combustion of 
CgHig with a mols of Oz, where a<12.5. The reaction equation is 


CsHis + aOz, — 3.78aN 2 => 82CO, a 8 qd = 2) CO LL 9yH,O 
+9(1—y) H,+3.78aNe 


Comparing the number of atoms of oxygen on the two sides of the 
equation, 

2a 
or a 


16x + 8 (1 — x) + 9y 
4(1+ 2) + 4.5y (50) 


To get a second equation between x and y, we make use of the fact that 
the gas is in equilibrium during the expansion and therefore in the state 
4 at the end of expansion. Equation (30) for the water-gas equilibrium 
is therefore valid. A probable temperature 7’, is assumed and the con- 
stant c in equation (30) is thus fixed. The solution of the two equations 
gives values of x and y, and the composition of the residual gas is thus 
determined. 

Having the residual gas, the procedure is identical with that 
already developed until the adiabatic expansion is reached. Here an 
obstacle is encountered in the fact that n, the oxygen in the expanding 
mixture, is vanishingly small, and equation (44) for the entropy of the 
mixture contains the term n’, log,n’.. However, the difficulty is readily 
overcome by eliminating n’, from the equation by means of the relation 


x nN 
K —————— < 
1) ae eo VP 
23. Sample Computation.—The procedure of computing the effi- 
ciency and mean effective pressure of an ideal Otto cycle is shown in 
Table I. The computation is for case No. 9, for which the following are 


the data: 
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TABLE 1 
ComputaTION Form For Otro CYCLE 
Orto Cycle Fxeoansior to Stictiota VEOleinme 
1 Compression Karle = Vos Heat Losses * Nore 


Fuel: Cole (Gasolii7a/ ‘With 1008 theoretical ar 
2 Suction Fressure=Expatist Fressttv-e =1%.7 (0. JOEL SF. 172. 


Gat 25 Q+ F2ZEN = ECD, + W4O* 4725 Ne, 


Fuel (dixttire, (Vols Viixture of Freaviuctrs, (7o/s 
(With ne residual gas) (With no resiat/al gas) 

3 Gig = 1.00 V6 COS EGE, 

¢Z Q,=/250 86 HO= 9.00 

Ss Ng =FZES 9 Ny, = #ZZS- 

6 1), = 60.75 10 7, = 6425 

Wola! Specttie (lear ral baal ied ? 

M/ %o (Coleg) = FE.G27 + FE.O0OK (P77 

12 VMAMCOZCIS tL OO FO 6 +Q12Z0%/0° i 

13 ip (CO) = Z/5 + BIXKIO” 'T ~ 0.60 £10" S73 

/4 We VLD B35 OLTH/O Ta Ores Te 


IS LIK MNT. = 98.327 + 38.004 107 P, 
18 (47+ L5yitlI2] = F/4.06 78+ QOK10°7 + 2174107 * 


12% (fuel mixrure)= & LP AEE LE! 7.4968 + Q6255K10"T +QUBOKIO TF? 


18 LOK 113] = S224 312210 TOMO Ts 

19° (L874 1/4) = 7A97- 2IBAK/OT +3 807410 *7 * 

20 LYK M2) = 32744254 00K/0 T+5 6704/0 °F * 

2% loroducts) = ed = 21595 +04469%10°T 40.0728 410 TF? 
Assume 1, = 3740 and 7,=600 

Vrean temperature of fue/ mixture =560°F abs. 

lean remperarure of products = 2170°F abs. 

fuel) = (177 for 60° = 2O34/ 


22 


Za 


BO 
23. 4 products) =lél) for 2170° = 8.466/ 
PE Fea) = 


2¢ 10807 


Computation of (ritial Conditions 


fromm Fig. ¢: 


25 6% = S49740 7 = 638°F. 
peas Fis ky = 14.7 10. PE SG. U2. 
26 0 (25)-1, (Eg sz) A = 28.28 
2? 4-7, = 3740-7, lée7 
28 7-%= 7-520 Me = Beige 
LED K Lé4] ely! 
29 a? » (Eg. 14) \ 30.55 7 ; $eslWuia/ Jas 


Charge at End of Sucrtior, (o/s 


Composition of Residual Gas, (ols 


2/48 30 CoHe = 1.000 
CO=8HX = 026 9 

pie fa A In COi= 30867 
4HLO=9X = O30/ F2 440 = 230/ 

ee, FF NM = 48.830 
N=4225 X = (580 If Go =. 1232 
; Caicad 35 7, = 62.898 


EAS#E 
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TasBLE 1 (Continued) 
ComPuTATION Form For Orro Cycur 


The Adiahatle Comoressior 


ee 


BE Deas) 
37? (8+ (74 Du, a) 
3 8 4 SU, a Lre0,) 
39 LAK Ono 
270 = (+37 +136] + (29 
LN DE) -ENGl7Z) 


7070 7080 
34562 | 34610 3/.96/ 
39.858 39.958 I5.728 
44206 44 267 40.668 
294.16 294.88 256.95 
2/1968 | 2/226/ 1960.15 
/0.64 10.66 954 
733. 13.32 /2,3/ 
249779 | 244/47 224095 
/96.84 200.52 


(Eg./7)- 457) # [3 # 0G = 200.96, which Sys to 1081.2 ° 


40 Take Ty =/08/ °F 
F/ y = LEAMA LAG) = {ZAG 6. LEI SF. 72. 
92 = 647 atmospheres 


L4L) X (44 


7he Comousiorn Frocess 


eee ee ee ee ee ae ee 


4 
CO,= 8.267 x 44 
CO= 8.267 (1-x) 45 
Fi0 = 9.3014 g6 
I= 9.301 (/-y) 47 
N= 48.830 ge 
O,= 8.784-4134x -465y 49 
Fae = T5182 -4./1IAX-F.65Y 


yn = 6267 
SOY 
7)” = FB.830 
rg = 8.784 
A+nitn” = 65.88/ 
lo = 66.398 


For 7, = 1068), Hug =12140, Hy,2103370, Fy = 2151700 
1, Pleo = 1009695 1; Fy, = 961 44S 
1, llco + Tatty, — by = ~ 186 560 
Te 5040 S050 S060 
$0 Aly, (08/ fo Te) 24 648 24 728 24 G08 
Sl Aw, 23 974 24 048 24 122 
Ys Aes, 44 3/0 44 433 44 557 
SSA, 39 647 39 804 39 962 
S94 (N54, +9"AUp = LAE) LEQ) / 623830 | 1629105 | (634 380 
$§ 77,4u = = AUK 114 626 114 998 /15 370 
$6 274u% = 214950 GOS 637 306 629 307 62/ 
S57 a = ! SRICUUE 222 982 223 670 224 359 
S8 “DAG, = (IMS 66 3// 567 326 68 G53 
59 lies Li o =l4E/ 4 (59/ 368 757 370 217 I7/ 687 
60 = 7744-NAte,+1, Meo 943 020 242 99S 942 962 
6! (2414+ IJAm +1, A, -1865EO 660250 | / 6662/5 | 1672/80 
62 17,41,+17,Auy-17, Aino + 217, AU 930 295 929 BOS 929 486 
ee | 
£60) : 1.0138 JAZ 10/46 
a (Equation 24) RE 10/4 
6-62, (Equation 25) 1.784? | 1.7919 | 17991 
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TasBLe 1 (Continued) 
ComMPpuTaATION Form For Otto CyYcLE 


5040 


c=%e,(waler gas) 7.8099 7.8317 7 8536 

c(-/) 6./2E4 6.20/9 6.2758 

63 c(6-1)-(a+b) 33299 PZ 39ISB 3.462/ 
64 8637" 11.0862 11.5314 11.9861 
65 Za(c-/) 13,8077 /3 8574 / 29073 
66 26x%2a(c-/) 49,2652 49,6624 SO0W2Z 
67 4/+l66/ 60.3734 61/935, 62.0273 
VlE77 7.7700 7.8226 28756 
[63/+[66/ 11,0999 /1. 2/84 11,3377 


[69] 

70 = 65) 0.8039 0.8096 O81S2 
/-x 0.196/ 0/1904 O18G8 
ax 08150 08211 Q827/ 
Y=b-ax 0.9697 09708 Q9720 
re 8.7642 8.7842 E7842 
2x 2323/ 3.3466 3.3698 
ge 45095 4S/G6 4202 
Oe re-£x- By 0.9516 0.9230 894 
slog ri 7.96923 7.98260 7.97572 
Jog x 7.90820 190827 L926 
/og (/-x) 7.29248 127967 726670 
flog me =/o, Legieea) 1.95224| 1.95224 | /.95224 

V/ Ray) = og x -/og (/-x) 


2log Ty 185121 1.85121 
109 Verco 0.76693 Q75E70 
L(7)=2 log & +109 Force) 2.618 /4 2.60834 


185721 
0.74650 
2.59857 


72 


73 From Fig. $, ly =SO53-F; 
% = OBIE 
4, = 9912 
74 = From ets y le raha —3.354-4.5/6 =673/2 mols 
= LOX [AE XL4L : 
Fie A Gaiy fA ee 622.95 1b. per sq. /72. 


The Expansion Process 
Ler 7% be 3740°F. Ke (water gas) =$.0720 


cx 49300 | 4940/ 49503 49604 
ext (/-x) 49S5E0 | 4966/ 49743 4.9824 
mrorwgera toe 09943 | 0.9948 0.9952 0.9956 
Te 87842 8.7842 8.7842 8.7842 
Bx 40/79 40262 4.0345 40427 
Ley 4.6239 46262 | 4626/ 46299 
(162116 -Bx- Fy 0/424 2013/8 0/216 QIlé 
flog 1.57676 | 1.55996 | 1.54247 | 752383 
log x 1.98767 | 1.98856 | 798995 | [99034 
, (08-4) 2447/6 | 24/497 | 23802/ 234242 
glog xz 230172 | 230172 | 230/72 | 230/72 
7S = Ftxy)=/ogx-/0g (/-x) 
+Zlog ZB Zlog N 426547 | 43/1535 | 436849 | 44256/ 


AN ANALYSIS OF INTERNAL-COMBUSTION ENGINE CYCLES 33 


TasLe 1 (Continued) 
CoMpPutTaTION Form ror Orro CycuE 


Assure Tz 


Z/og 74 
WA OF 4p (co) 
LIT] = 21097 +109 Fecey 
FLOW FIGs Cg K= 
C=/p (water gas) 


1.7870 
2544/8 
FAIGU9 


cx 
con 


G* x47) 
1-X 0.0254 O/8E7 
1), (/-x) 02042 22/100 1 560/ 
Ho (co) /19 284 W9275 | 19267 //9 088 
Y 1-2) X Petco) 

76 Se ty sae 6.3497 6.35/23 C6789 SC 7EE/ 


/-y QO05/ 2.0288 
1, (1-4) O0456 QO0¢65 OO¢74 O2679 
Flo (Hy) /0733/ 107327 | 107823 104978 


1.3121 LG34F4 13566 3.5657 


L272 (1-Y1 4 Fo tite) 
77 a 


D6, qs Q) F/.5037 4/52/2 F/IS3BH F37020 
(c0,) IS2,.8829 SEAWFIS I32.9960 SC IFEF 
(7,0) SF OGSE 54/258 SF ($59 SEMEF4 


78 11D .ico,n,,0) =Groian X46] 2026.6174 \ 20274616 \ 2028.3¢59 | 2133.9599 
791, Dica,) = Bieoy X44] 437.2094 | 437.4706 | 437.7910 \ 467.4304 
Pe Dia) = Pinzo) XLFET 503.1296 | 5034/86 | $08.6986\ 5405162 


[og x 7.98995 7984 98883 7I90U8 
8 nlogx = [444 logx -0.08722| -0.08978 -0.09235| 075085 
109 Y 799787 7.99782 799778 7.98722 
82 1, logy =l45K logy -0.0/98/| -002027| -002065| -O.1/803 
Jog V 0.69897 0.69897 0.69897 00 
83 ne logV=[4U # logV 96.4/028| 4¢64/028\ 464/028 = 
84 [61] + [82] -[83/] -46.5/73!| -46.52033| -46.52328|  -O86888 
BS FSUNKLEL - 2/2.6306 | -2/2.6444| -2/26579 - 396 
S= (IU 7T7H 78/17 + [80] -185] | 3187.2538 | 3188.8619 | 3190.4689 | 3188. 2119 
66 (S45; | -0.958/ | _+0.6500 
From FIG: G Ta = 3736 "F., Xe= 09756 5 Yg= 0.9950 
From (43a), tra = 75.182-4.033-F4.627 = 66.522 
2g = Pet BRE! fel = 91.07 1b. per SG. Ir. 


pe 2 = 29270 cu. ft 
“4. 
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TaBLE 1 (Concluded) 
Computation Form For Orto Cycle 


Work Done During the Cycle 
7, =638, 7T4= G7IE 
87 Fi (Goa) ar if = 2/47 500 
CB 1 U/-X%q) Fhicy A7 = CLOAK OOZFAK ME SIO = ZI WZ 
B89 1, (l-Ya) Fy) A T= 9301 4 QOOSOKI0F620 = 4819 


990 74. = EL67(3620/-4O37) = 265 900 
BW Aline = 9301 (29130-4036) = 233 380 
920 Abo, = Fb8IO (20559-3166) = 849 300 


Work = 87] -[88]-l8Y-(90/- (91) -(92] = 770790 Bru. 
Efficiency of the Cycle 


bien) Of $20° = 2749000 
"990 790 #100 — 
3143000 = 35-965 


Mean Effective Fressure 


VEN px = BLAU P\ AIS =F BAUS 

work xd 

4-4“ x 144 

a, CUE GO CBU OE ; 
= PEI CEE 177.77 10. €F SG. 172. 


177. @./0. = 


Fuel—octane (C.H 1g) 

Compression ratio—5 

Air supplied—100 per cent of theoretical 
In the progress of the computation values for certain thermal magni- 
tudes are required, such as heats of combustion of CgHis, CO, and He 
at various temperatures, the energies of the gas constituents at various 
temperatures, the equilibrium constants K, for the CO, H. and the water- 
gas equilibria, and the entropy function ¢. Tables of these various mag- 
nitudes have been computed. Some of these tables are given in Appendix 
IV of Bulletin No. 139. 


(a) The Initial Mixture 
The chemical equation which represents the combustion process is 
CsHis -f- 12.50, => 47.25 N, ee 8CO, + 9 H,O + AT, 25 Ne 


The nitrogen does not enter into the reaction but since the O. is obtained 
from the air the nitrogen must necessarily be considered. The ratio of 
nitrogen to oxygen in air is 3.78. 

From the chemical equation the fuel mixture and the products 
mixture are obtained (Items 3 to 10). The amount of residual gas left 
in the cylinder is not considered at this time. From the mol specific 
heat equations for each of the constituents the mol specific heat equation 


of the fuel mixture a: 17) and that of the products (Item 21) may be 
calculated. 
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iy 
50, | | lesa 
Vtetn 29 
oe + : = 
AE = leet 
. 
‘ J 
” tel 26 
yo | 4 7 t 
N | 
S ili 
or ae ve eect 
ay i 1 
tt + 
eae 
630 640 650 


Assumed Values of 7, 
Fic. 4. Computation or Inir1AL ConpiTions 


It is now necessary to assume a temperature for the gases which 
are in the cylinder at the beginning of exhaust. If the end temperature 
found later does not agree closely with this assumption the calculations 
must be repeated. The temperature of the mixture of fuel and residual 
gas will be in the neighborhood of 600 deg. F. (abs.). If 74 is taken as 
3740 deg. (abs.) the mean temperature of the products is 2170 deg. F. 
The fuel enters the engine at 520 deg. F.; hence the mean temperature 
of the fuel mixture is 560 deg. F. The ratio 8 of the specific heat of the 
products to that of the fuel is 1.0807 (Item 24). 

With the assumed value of 7's, equations (12) and (14) are evaluated 
(Items 25 to 29). Items 26 and 29 are plotted against various values of 
T, (Fig. 4); it is found that 7; is 638 deg. F. and that the amount of 
residual gas is equal to 2.148 mols. The pressure is taken as 14.7 lb. 
per sq. in. 

The residual gas being divided into its constituents and these added 
to the theoretical fuel mixture the fuel mixture actually in the cylinder 
at the beginning of compression is obtained (Items 30 to 35). 


(b) The Adiabatic Compression 


T, being known and various values being assumed for T2, a value 
of 7’, may be found for which equation (17) is satisfied. These computa- 
tions are made in Items 36to40 and it is found that 7’,is 1081 deg. F. From 
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0.98 i 
wo 3 
: Y 0.97 a 
S 
8 ae = 
0.80 - 
8 262 a 
SN, Sg eS 
1 Mee See 
Ne ee eae el i 
he aise eee 
5040 SO5O 5060 


Assumed Vales Of Ts 
Fig. 5. Computation oF IGNITION CoNDITIONS 


the equation pz = pit oe the value po = 124.5 lb. per sq. in. or 8.47 
1 


atmospheres is determined. 
The clearance volume may also be obtained at this point from the 


equation V = 
P2 


. It is found to be 5854 cu. ft. (Item 48). 


(c) Adiabatic Combustion at Constant Volume 


The system of computation has been indicated in Section 17. Items 
44 to 49 give the values of the various ns that enter into the computation. 
The first step is the determination of the constants a and 6 in the energy 
equation (23). From a rough preliminary calculation the value of 7’; 
is known to lie in the neighborhood of 5050 deg. Hence values 5040, 
5050, 5060 are assumed. Items 50-53 give the various Aus (obtained 
from the tables) ; then Items 54-62 show the steps in getting the various 
terms in equations (24) and (25). Values of c, the water-gas equilibrium 
constant, are found in the tables, and Items 63-70 show the computa- 
tion of x and y for each of the assumed values of T'3, by making use of 
equation (31). Sufficient data are now at hand for the satisfaction of 
equation (29). Values of R (x, y) are found (Item 71), likewise values 
of L(T) (Item 72). These values are plotted against the corresponding 
values of 7’, Fig. 5, and 7’; is found to be 5053 deg. The corresponding 
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448 


444 


Y) 


440 


& 
S 


Values of F(x. 


432 


Ss 


VANES OF 5,75, 


428 


426 = 
O972 0974 O96 O98 57390 3740 3750 
Assumed Values of x4 Assumed Values Of Ta 
Fic. 6. CoMPutaTION FoR x AT END Fic. 7. Computation or Enp Con- 
oF EXPANSION DITIONS 


values of x and y are plotted on the same figure, and from these curves 
the values x = 0.8113 and y = 0.9712 are found. 


(d) The Adiabatic Expansion 


A final temperature 7’, is assumed and the values of R (x, y) (Equa- 
tion 29) are calculated for various values of x. These values are plotted 
against « (Fig. 6). The expression L (7), equation (29) is then evaluated 
for various assumed temperatures. Then from Fig. 6 we find the x 
corresponding to the assumed temperature. The error thus introduced 
by assuming one temperature for the R(x, y) function is small because 
the function varies only slightly with changing temperature. 

With the assumed 7, and the corresponding values of x and y 
equation (44) is evaluated (Items 76 to 86). The difference in entropy 
between the beginning and end of expansion is plotted in Fig. 7. For 
adiabatic expansion this should be zero, and the zero on the curve 
gives the 7’, sought. Values of # and y are likewise plotted in Fig. 7, 
whereby x4 and y4 corresponding to 7’, are found. 


(e) Efficiency and Mean Effective Pressure 


The conditions at points 1 and 4 of the cycle being known it is 
possible to calculate the work done. Equation (48) is evaluated in 
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Fic. 8. VartaATIon or ErricieNcy with Compression Ratio AND WITH 
Mixture STRENGTH For Orro CyYcLE 


Items 87 to 92. The work delivered by the ideal cycle per mol of fuel 
is found to be 770 790 B.t.u. 

As a basis for all the efficiencies in this work the heat of combustion 
of the fuel at 520 deg. F. abs., an average room temperature, was taken. 
The heat of combustion of CyHig at constant pressure at 520 deg. F. 
is 2143 000. The efficiency of the ideal cycle is, therefore, 

770 790 + 2 143 000 = 0.3597, or 35.97 per cent. From equation 
(49) the mean effective pressure is found to be 177.77 lb. per sq. in. 


IV. Resuutts of CALCULATIONS 


24, Otto Cycle. Efficiency and M.E.P.—The system of calculation 
explained in the preceding section was applied to the ideal Otto cycle 
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with varying initial conditions. Four compression ratios were taken: 
namely, 3.5, 5, 6.5, 8. For each of these six different mixing ratios were 
assumed—75, 90, 100, 110, 125, and 150 per cent of theoretical air. 

The results of the calculations are given in Table 2. Figure 8 
shows the variation of efficiency with the compression ratio and with 
the mixture strength. It is instructive to compare these results with the 
air standard efficiencies, which are as follows: 

Compression ratior 3.5 5.0 6.5 8.0 

Efficiency (percent) 39.41 47.47 52.70 56.47 

In Fig. 9 is shown the variation of the mean effective pressure with 
the compression ratio and with the mixture strength. 


25. Efficiency with Various Fuels.—In the computations of Table 2, 
octane (CgHis) was taken as the fuel. This is considered a fair equiva- 
lent of gasoline. To determine the effect of the fuel on the efficiency, 
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the results given in Tables 3 and 4 were calculated with benzene as the 
fuel. Also one calculation was made with Ci.H». which is assumed to 
represent kerosene. Table 5 gives a comparison of the efficiencies of 
the three fuels with 100 per cent of theoretical air and a compression 
ratior = 5. The effect of a change of fuel is shown graphically in Fig. 10. 


26. Efficiency of Ideal Diesel Cycle.—The results of the computation 
for the Diesel cycle are given in Table 6, and are shown graphically in 
Figs. 11 and 12. 


27. Temperatures and Pressures.—The values of the temperature 
T3 at the end of the combustion process are shown in Fig. 13; also the 
values of the maximum pressures p3. It will be observed that the maxi- 
mum points for all the curves occur with a mixture strength correspond- 
ing to less than 100 per cent of theoretical air. 

In Fig. 14 is shown a corresponding plot of the temperatures 7’, 
at the end of the adiabatic expansion. The value of 7’, falls rapidly as 
the amount of air is increased; and for the same air supply, 7’, is lower 
the higher the compression ratio. 

A study of the values of p4 given in Table 2 discloses the fact that 
for the same mixture the value of p4 is nearly the same for all com- 
pression ratios. The deviations from a mean value are small and 
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irregular and may doubtless be ascribed to slight errors in the com- 
putations. The values of jy, are plotted in curves b of Fig. 14. 
It is seen that p4 has its maximum value at 100 per cent theoretical air 
and steadily drops as the air supply is increased. 


28. Unburned Gases at End of Expansion.—The amount of H, and 
CO remaining unburned at the end of the adiabatic expansion may be 
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seen from the columns headed x4 and y4in Table 2. When the percentage 
of air is less than 100 there is considerable unburned H, and CO, as would 
be expected. With 100 per cent air the figures are as follows: 


Compression ratio. ..3.5 5 6.5 8 
Unburned H2....... 0.0088 0.0050 0.0031 0.0020 
Unburned CO ...... 0.0473 0.0264 0.0142 0.0082 


The amount of unburned Hy is inappreciable; the amount of unburned 
CO is, however, appreciable at the lower compression ratios. With 10 
per cent or more excess air the amounts of unburned gases are small at 
all compression ratios. 


29. Discussion of Results.—An inspection of the results given in 
Tables 2 and 6 verifies certain conclusions that are already well estab- 
lished: 

(1) The efficiency increases with the compression ratio 7, that is, 
the higher the compression the higher the efficiency, other conditions 
remaining the same. 


(2) For the same compression, the efficiency increases with the 
amount of air used. A lean mixture gives a higher efficiency than a 
rich mixture. 


(3) The mean effective pressure, and therefore the power, is a maxi- 
mum when the air supply is somewhat less than 100 per cent of the 
theoretical amount (Fig. 9). Thus the mixture for maximum power is a 
mixture of relatively low efficiency. 


(4) The ideal efficiencies obtained from the various liquid fuels are 
practically the same. The small differences in the calculated values are 
without significance in the light of the probable inaccuracies of the 
assumed specific heats and heats of combustion of these fuels. The 
conclusion of Tizard and Pye that the ideal efficiency of the motor is 
independent of the kind of liquid fuel used is verified. 

(5) The efficiencies of the Diesel cycle, as a group, range higher 
than the efficiencies of the Otto cycle. However, a comparison of the 
two efficiencies at the same compression ratio (r = 8) shows that the 
Otto cycle is inherently more efficient than the Diesel cycle. The super- 
ior efficiency of the Diesel cycle is due to the high compression ratio 
that is permitted by the system of operation. 

The reason for the increase of the efficiency with the compression 
ratio and with the amount of air supplied should receive some attention. 
According to equation (1), Section 11, the work of the cycle is given 
by the difference U1 — Uy. In the case of the Diesel cycle the sub- 
tractive term is also U4, equation (8). Now U, is the energy of the’ 
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mixture in the final state 4 at the opening of the exhaust; and this 
energy is made up of two parts: the chemical energy of the unburned CO 
and H:, and the thermal energy of the mixture of the products at the 
temperature 7T'4. With 100 per cent or more air the amount of unburned 
CO and H, is small and the chemical energy in the mixture is corres- 
pondingly small. Therefore, the energy U, will depend principally on 
the temperature 7... Any conditions that will result in a decrease of 7’, 
will likewise cause a reduction in U4, and consequently an increase in 
efficiency. Consider now the effect of compression alone. With 100 
per cent air, Fig. 13 shows that the increase of r from 3.5 to 8 causes 7’; 
to rise from 4980 to 5150 deg. F., or about 170 deg. But during the 
adiabatic expansion 3-4, the 3.5-fold expansion gives a drop of tempera- 
ture from 4980 to 3980 deg. F., or 1000 deg., while the 8-fold expansion 
gives a drop from 5150 to 3405 deg. F., or 1745 deg. That is, while 73 
is higher for the high compression, 7’, is much lower, as shown in Fig. 14. 
The improved efficiency found with higher compression is due not to 
any effect of compression on combustion but solely to the more com- 
plete conversion of the energy of the products into work as the result of 
the more complete expansion. 

Evidently, if the expansion could be made still more complete 
by some new arrangement of the cycle, the efficiency would be still 
futher increased. The possibility of such an arrangement is discussed 
in Chapter VI of this bulletin. 

The effect of increasing the air supply is seen in Figs. 13 and 14. 
With a greater supply of air the heat of combustion per unit weight of 
fuel (mol or pound) is required to raise the temperature of a larger 
weight of gas. Therefore, 7’; will be lower the more air supplied (Fig. 13). 
Consequently, 7’, and U, will be correspondingly decreased, and the 
efficiency will be increased. 


V. ErriciIency STANDARDS 


30. Discussion of Engine Efficiencies.—The efficiency of a heat 
engine is, in the first instance, defined as the ratio of the useful work 
obtained to the heat supplied. This ratio gives the low efficiency of 
10 to 25 per cent in the case of the steam engine, and 20 to 40 per cent 
in that of the internal combustion engine. It is now customary to use 
as a basis for efficiencies not the total heat energy supplied, but only the 
available part of such heat energy. The unavailable part, the part that 
must inevitably be wasted in accordance with the second law of thermo- 
dynamics, is not charged to the engine. This second efficiency may be 
found from a comparison of two efficiencies of the first class. Thus 
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let nz = actual efficiency of engine based on heat supplied 

ni = efficiency of an ideal engine operating under the same | 
conditions but without losses of any kind. 

Then the efficiency of the engine based on available energy is 


n= (51) 
Ni 
The efficiency na is readily determined from the power and fuel | 
consumption of the engine. In the case of the steam engine or turbine, 
the efficiency 7; of the ideal engine is also readily determined. The 
Rankine cycle is assumed and by the aid of a Mollier chart the ideal work 
is easily found. 
In the case of the internal combustion engine the correct determi- 
nation of 7; presents certain difficulties. If the air standard is used, the 
computation is easy, for 7; is given by the simple formula 


(yes ce & (52) | 


with n = 0.4. The results are worthless, however, for the value of 7; 
for the air standard may be 30 per cent in excess of the true value. In | 
order to get a true measure of 7; the following phenomena must be 
taken into account: 

(1) The varying composition of the mixture during the phases of 
the cycle. 

(2) ‘The specific heats of the various gas mixtures. 

(3) The dissociation of the products of combustion at high tem- 
peratures. 

The calculation of n; with a proper consideration of these phenomena 
is a laborious process, but the result is a value that gives a true indication 
of the extreme limit to which the efficiency of the actual engine may 
approach. 

The values of 7; in Tables 2 to 6 are thus calculated. The accuracy 
of these values is limited only by the accuracy of the thermal data used 
in the computations. 


31. Empirical Formulas.—The air standard formula for the effici- 
ency 7; 1S given in equation (52). The same type of equation may be 
used to express the correct value of 7; as given in Table 2; but n'instead 
of being a constant 0.4 will be a variable, and a function of the com- 
pression ratio and the air supply. Taking the values of 7; in Table 2, 
the corresponding values of n calculated from the preceding equation 
are those given in Table 7. Let a denote the per cent of theoretical air ; 
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TABLE 7 
VALUES OF EXPONENT n 


Compression Ratio n 
Per Cent Air Supplied. 100 110 125 150 
LOB eateries 0, 2723 0.2874 0.3022 0.3189 
Sle sees 0.2770 0.2916 0.3055 0.3214 
Sra tleaarn 0.2802 0.2942 0.3075 0.3232 
Sw ie cee 0.2815 0.2964 0. 3087 0.3248 


thus @ = 100, 110, 125, 150. Then, the following empirical formula gives 
quite accurately the values of n in Table 7. 

6.5 0.048 
ekg es ee PE 


n = 0.3867 — (53) 

This formula applies for 100 per cent or more of the theoretical air. 
If the air supply is insufficient for complete combustion, the following 
formula gives a fair approximation: 


24.6 
n = 0.524 — ss (54) 


Tizard and Pye* suggest the following formula for the ideal 


efficiency: 
1 \0.295 
g=1-— Ge 


The value n = 0.295 is substantiated by Table 7 for an excess of air of 
from-10 to 25 per cent. The values for 150 per cent air are of theoretical 
interest only, as such an excess of air would probably give a non-explosive 
mixture. 

A graphical comparison of calculated values of the efficiency 7; 
with the corresponding air-standard values is shown in Fig. 15. The 
large error of the air standard is quite evident. 

For the ideal efficiency of the Diesel cycle, equation (52) may also 
be used with values of n given by the following empirical equation: 


se (55) 


*The Automobile Engineer, Feb., 1921. 
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32. Conclusion—As stated in the Introduction, the principal 
object of this investigation was the determination of a set of accurate 
values for the ideal efficiencies of the Otto and Diesel cycles, in order 
that such values may replace the usual air standard. This object is 
accomplished in the establishment of equations (52) to (55). While 
these equations apply specially to octane (CgHis), they may be used with 
small error for any ordinary liquid fuel. In general, the error should 
not exceed 2 or 3 per cent. 


VI. THrorericAL INVESTIGATION oF A More 
CoMPLETE EXPANSION CYCLE 


By Ausurr E. Hersney 


33. Introduction—The fact that the thermal efficiency of an in- 
ternal combustion engine may be improved by increasing the com- 
pression is so well established, both by theoretical analysis and ex- 
perimental investigation, that it may be accepted as one of the basic 
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principles of internal combustion engine design. However, it is also 
well known that several practical considerations establish an upper 
limiting value for the compression; the limit at the present time for 
automotive engines is the compression which corresponds to a com- 
pression ratio of about 5:1. 

It is the purpose of this investigation to show, by means of the 
method of theoretical analysis developed previously in this bulletin, 
that in a more complete expansion cycle some of the advantages of high 
compression may be realized without the usual accompanying dis- 
advantages. A more complete expansion cycle will be understood to be 
one in which the ratio of expansion of the products of combustion 
exceeds the ratio of compression of the combustible mixture. The 
theoretical thermal efficiency and indicated mean effective pressure of a 
more complete expansion engine and of an engine operating on a stand- 
ard Otto cycle have been calculated. This has been done at both full 
and part loads under identical operating conditions for each engine, and 
from the results of the calculations the relative performance of each 
has been estimated. 

In the discussion of the influence of increased compression on 
efficiency, p. 49, it was pointed out that this influence was somewhat 
indirect, being largely due to the direct effects of the accompanying 
increased expansion. Furthermore, most of the bad effects of high 
compression, such as detonation, over-heating, etc., are the direct results 
of high compression pressure on combustion. It would seem quite 
reasonable, therefore, to expect a more complete expansion cycle to have 
the same efficiency as a regular Otto cycle with higher compression and 
at the same time to be free from the latter’s combustion difficulties. 


34. The Engine.—More complete expansion engines may, in gen- 
eral, be divided into two classes, depending on the method employed in 
obtaining the increased expansion ratio. In the one class compound 
expansion is used, the gases after partial expansion in one cylinder being 
transferred to a second cylinder where the final expansion occurs; in 
the other class a variable stroke is used, the piston traveling through a 
greater distance on the expansion stroke than on the compression stroke. 
Although the more complete expansion engine considered here belongs 
strictly to neither of these groups, it is more nearly similar in its method 
of operation to the variable stroke engine since expansion is com- 
pleted in a single cylinder and its expansion ratio is greater than its effec- 
tive compression ratio. 

In the development of a variable stroke engine the realization of 
either one or both of two objects is attempted: first, more complete 
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expansion of the products of combustion, and second, more complete 
scavenging of these products during the exhaust stroke. In the engine 
investigated only the first aim, that of more complete expansion, is 
realized; but this is accomplished without the use of complicated 
linkage between the piston and the crank. The engine is unique in this 
respect, for the inherent defect in practically all variable stroke engines 
is the mechanical complication necessary to produce the variation in 
stroke. The closing of the inlet valve before the piston has completed 
the induction stroke is the simple expedient whereby the desired result 
is achieved. Effective compression, starting when the piston has 
reached this point on the return stroke, occurs during a portion of the 
total piston travel only, while expansion continues throughout the 
entire stroke. 

For the purpose of showing more clearly the difference between 
the operation of this more complete expansion engine and that of a 
conventional engine, the indicator diagrams in Figs. 16 and 17 were 
plotted from calculated pressures and those in Fig. 18 traced from actual 
diagrams taken from such a more complete expansion engine. Figure 16 
contains complete full load diagrams for both engines and the effect of 
the early closing of the inlet valve in the more complete expansion 
engine is at once apparent. The same thing is shown to better advantage 
in Fig. 17 where the lower part of full and half load diagrams for both 
engines are plotted on an enlarged scale. That these theoretical dia- 
grams are substantially correct is evident from the diagrams in Fig. 18, 
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which are tracings of diagrams taken from a 10 by 20 inch more com- 
plete expansion engine.* 

Thus it may be seen that gas is drawn into the cylinder during only 
a part of the induction stroke. When the inlet valve has closed this gas 
is expanded to some pressure lower than the induction pressure during 
the completion of the induction stroke. On the return stroke the gas is 
compressed until the induction pressure is again reached; at this time the 
piston will have returned to the point of inlet valve closure. This ex- 
pansion and compression occurs under such conditions that, without 
sensible error, each may be regarded as adiabatic. The work done by the 
gas in expanding is, therefore, practically the same as that done on the 
gas in compressing it up to the induction pressure and hence this part 
of the cycle may be disregarded entirely. Compression continues to the 
end of the stroke, the final pressure depending upon the relation between 
the clearance volume and the cylinder volume at the time of inlet valve 
closure. 

The remainder of the cycle is the same as the regular Otto cycle, 
combustion taking place at constant volume and expansion continu- 
ing throughout the entire piston travel. In an engine operating on such a 


*Sargent, C. E., “The Complete Expansion Engine,” Trans. A. S. M. E., vol. 22, 1901, p. 312. 
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more complete expansion cycle the ratio of expansion may be made 
considerably greater than the ratio of compression, resulting in a 
release pressure and temperature which should be proportionally lower 
than those of a standard engine with the same compression ratio. 

Two modifications of this more complete expansion engine have 
been considered in the investigation. In the first type the power output 
is controlled by changing the point at which the inlet valve closes, so 
that, since the valve is open a relatively shorter time, a smaller charge 
of mixture is drawn into the cylinder at light loads than at heavy loads. 
In the second type the point of cutoff is fixed, the power output being 
controlled by a throttling valve in the usual manner. The two types will 
be referred to as the variable-cutoff and throttle-controlled engines, 
respectively. The indicator diagrams in Fig. 18 were taken from a 
variable cutoff engine in which the point of inlet valve closure was 
controlled by a governor. The shifting of this point of closure at different 
loads and the corresponding effect on the power output is shown very 
well by the right-hand diagram in this figure. 


35. Procedure.—It was necessary to fix standard operating con- 
ditions for all three engines as the first step in determining their effi- 
ciencies and mean effective pressures. The full load effective compres- 
sion ratio was taken as 5 tol in every case, and the point of maximum 
cutoff for the more complete expansion engines was fixed at 65 per cent 
of the stroke. With the exception of inlet valve closure in the more 
complete expansion engines all valve operation was assumed to be 
instantaneous and at the end of the stroke. Complete combustion at 
constant volume of a mixture of gasoline vapor with the theoretical 
amount of air was also assumed, the chemical formula for the gasoline 
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being taken as CgHig,* and the initial temperature of the mixture being 
chosen as 559.6 deg. F. (abs.) At full load the induction pressure for all three 
engines was assumed to be 13 lb. per sq. in. At part loads the induction 
pressure for the variable-cutoff engine was also 13 lb. per sq. in. while 
the point of inlet valve closure was taken at 50 per cent, 35 per cent, and 
20 per cent, respectively, of the induction stroke. Corresponding to 
these three load conditions the induction pressures of the throttling 
engines were taken to be 10, 7, and 5 lb. per sq. in., respectively.t 

Since the temperature of the exhaust gases remaining in the clear- 
ance volume at the end of the exhaust stroke will be different for each 
engine and load, it was necessary to assume a reasonable temperature 
from which preliminary calculations were made to determine the 
corresponding exhaust temperature at release; with this temperature 
as a basis, a second approximation for the residual exhaust gas tem- 
perature was made, and from this the final results were calculated. 
Variations in this temperature of as much as 100 deg. affect the final 
results but little so that this method of procedure was found to be 
entirely satisfactory. A simplifying assumption was made in dealing 
with the mixing of the incoming charge and the residual exhaust gas, 
namely, that the complete charge at the assumed initial temperature 
and pressure was taken into the cylinder before any mixing with the 
residual exhaust gas began. This simplifies the calculation to a marked 
degree and introduces errors of inappreciable magnitude. 

All heat loss was assumed to take place during combustion and 
expansion, the total loss being taken as 35 per cent of the available heat 
in every instance—10 per cent during combustion and 25 per cent 
during expansion. Pumping losses were obtained from the theoretical 
indicator diagrams without considering a diagram factor. These dia- 
grams were plotted from the calculated pressures and the pumping 
losses calculated from the area of the cards lying below the assumed back 
pressure line at 15.7 lb. per sq. in. 


36. Results.—The calculated results which are of most importance 
for such a comparison as that undertaken here, are the compression 
pressure, the release pressure and temperature, the indicated thermal 
efficiency, and the indicated mean effective pressure. These items for 
each of the three engines at different loads are arranged in Table 8 and 
are represented graphically in Figs. 19 to 23. 

In Fig. 19 are curves showing the variation of the compression 
ratio and compression pressure with changes in load. The compression 


*Wilson and Barnard, Jour. S. A. E., Vol. 9, 1921, p, 313. 
+Rosecrans, C. Z., Automotive Industries, vol. 53, 1925, p. 1053. . 
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ratio for each of the throttling engines is the same at all loads, being 
5 to 1. Since the cylinder volume at the beginning of compression in the 
variable-cutoff engine is different for each load, the compression ratio, 
which is 5 to 1 at full load, was found to decrease to 2.23 to 1 at about 
one-third load. At full load the compression pressure found for each of 
the three engines is the same; and while this pressure was also found to 
decrease uniformly with the load in every case, the drop in pressure 
found for the variable-cutoff engine is slightly greater than that found 
for the throttling engines. The lower compression pressure found at 
part loads for the former is due to starting the effective compression so 
late in the stroke. In the case of the throttle-controlled engines it is 
due to throttling the incoming charge at light loads. 
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The effects of the greater expansion of the more complete expan- 
sion engines on release pressures and temperatures are evident from the 
curves in Fig. 20. Thus the release pressure of both the throttle-con- 
trolled and the variable-cutoff more complete expansion engines was 
found to be below the assumed back pressure of 15.7 lb. per sq. in. at all 
loads below 45 per cent of full load; while the release pressure of the 
standard engine was always higher than this back pressure. What is of 
greater significance, however, is that the release temperature of the more 
complete expansion engines was found to be considerably lower than that 
of the standard engine under corresponding load conditions, this differ- 


ence being 260 deg. F. at full load and increasing to 470 deg. F. at one- 
third load. 
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The lower release temperatures found for the more complete ex- 
pansion engines are the direct result of converting more of the internal 
energy of the products of combustion into useful work. The gain in 
indicated efficiency as shown by the curves in Fig. 21, is also a result of 
this more complete conversion of energy. Thus the throttle-controlled 
more complete expansion engine was found to show a fairly constant 
improvement in efficiency over the standard engine at all loads, the 
percentage of gain being 18.5 per cent at full load and 24.5 per cent at 
about one-third load. The advantage of the variable-cutoff engine, in 
this respect, was found to increase as the load decreased. The calcu- 
lated efficiency of the variable-cutoff engine is 33.3 per cent at full load 
and 38.7 per cent at one-third load, these figures representing increases 
of 18.5 and 50 per cent, respectively, over the calculated efficiencies of 
the conventional engine. The explanation of the somewhat unusual 
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condition of an engine operating with higher efficiency at part load than 
that realized at full load is found when the variation of the pumping 
loss with changes in load is investigated. The calculated values of this 
loss for each of the three engines are plotted in Fig. 22. From these 
curves it is evident that the pumping loss found for the variable cutoff 
engine is practically constant for all loads above 50 per cent full load. 
In fact, for this engine the pumping loss was found to increase only when 
the release pressure fell below the exhaust back pressure and there was a 
negative loop at the toe of the indicator diagram. On the other hand, 
the pumping losses of both the throttling engines were found to increase 
rapidly as the load fell off, due, of course, to the throttling of the incom- 
ing charge at part loads. 

From a consideration of the calculated mean effective pressures of 
the three engines it seems evident that the gain in thermal efficiency, 
which was found as one of the results of more complete expansion, is 
accompanied by a decrease in mean effective pressure. The curves in 
Fig. 23 represent these calculated results graphically, and from them it 
is apparent that the mean effective pressures found for the more com- 
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plete expansion engine are about the same with either type of control. 
At full load the value found for this engine was 26.8 lb. per sq. in. below 
that found for the standard engine and at one-third load this difference 
was found to be 7.8 lb. per sq. in. From the calculated mean effective 
pressures may be estimated the relative displacements of a more com- 
plete expansion engine and a standard engine, each of which would 
develop the same power . Thus, since the standard engine was found to 
have calculated mean effective pressures which are about 30 per cent 
higher at all loads than those found for the more complete expansion 
engines, the latter, in order to develop the same torque, would require 
at least 30 per cent greater displacement than the former. As a con- 
crete example, suppose the standard engine to be a six cylinder auto- 
mobile engine with a bore of 3 inches and a stroke of 5 inches, the dis- 
placement of such an engine being 288.6 cu. in. Then a more complete 
expansion engine of either type having maximum cutoff ‘at 65 per cent 
of the stroke and developing the same power as this standard engine 
would have, on the basis of these calculated mean effective pressures, 
a displacement of 377.3 cu. in. Assuming a weight of 2.43 lb. per cu. in. 
of displacement,* the respective weights of two engines with these 
displacements would be 701 and 917 pounds. 


*Average of a number of commercial automotive engines of similar dimension. 
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Without doubt the calculated results, which have here been sum- 
marized, represent the maximum values that can be expected, and in 
some instances they are probably in excess of those realizable in actual 
engines. Nevertheless, since every effort has been made to keep the 
procedure uniform for all engines considered, the results may be taken 
as a fairly reliable basis of comparison for estimating the relative 
efficiency and performance of the more complete expansion engines. 


37. Discussion of Results.—It may be well to emphasize by repeti- 
tion that this investigation is purely theoretical, the only purpose being 
to determine whether or not the more complete expansion cycle possesses 
sufficient inherent advantages to warrant experimental investigation. 
Thus indicated efficiencies and mean effective pressures have been cal- 
culated with no attempt at estimating mechanical losses. These, it was 
felt, could be properly determined only by actual tests, and for the 
present, at least, interest is confined to a consideration of the advis- 
ability of such tests. Some mechanical complication would be involved 
in changing the point of inlet valve closure; the extent and disadvantages 
of such complication as well as its influence on the mechanical losses can 
likewise only be determined experimentally. Hence, these and other 
similar questions are allowed to remain unanswered for want of accurate 
information. 

There is available, however, some experimental data from an 
engine operating on the more complete expansion cycle under con- 
sideration. This is a 10 by 20 inch, two cylinder, double acting, tandem 
engine which was built and operated a number of years ago.* The in- 
dicator diagrams in Fig. 18, as well as the results tabulated in Table 9, 
are from tests which were made on the engine shortly after it was con- 
structed. While the tests were not as complete as could be desired, 
since all loads are so nearly the same that no conclusions as to the vari- 
ation of the thermal efficiency with changes in load may be reached, 
there is reasonably close agreement between the full load test efficiencies, 
whose average value is 34.1 per cent, and the calculated efficiency of 
33.3 per cent obtained in the theoretical analysis. Such agreement be- 
tween experimental and theoretical results offers good evidence in favor 
of the validity of the methods employed and justification of the assump- 
tions made in arriving at the calculated results. 

The possibility of the indicated thermal efficiency of an internal 
combustion engine increasing as the load decreases is by no means re- 
mote, this being one of the outstanding characteristics of the Diesel 
engine. In Fig. 24 are curves showing the variation of indicated thermal 


*Sargent, C. E., “The Complete Expansion Engine,’ A. S. M. E. Trans. Vol. 22, 1901, p. 312. 
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efficiency with load for two Diesel engines}. Each of these curves is very 
similar to the efficiency—load curve found for the cutoff controlled 
more complete expansion engine. That such similarity is to be ex- 
pected follows from the fact that both the Diesel engine and the variable 
cutoff engine are controlled by varying the quantity of fuel without 
throttling the incoming charge. 

The two factors, usually considered in comparing internal combus- 
tion engine performance, are thermal efficiency, or power developed per 
unit of available heat energy, and mean effective pressure, or power 
developed per unit of engine displacement. Since these two factors 
depend upon principles of design that are more or less antithetic, it is 
difficult if not impossible to design an engine in which both thermal 
efficiency and mean effective pressure attain maximum values. The 
nature of the service expected from the engine must determine whether 
fuel economy or bulk economy shall have preponderate consideration. 
By comparing a more complete expansion engine with a conventional 
engine, calculated values of these two factors being taken as a basis of 
comparison, it should be possible to form a fairly accurate estimate of the 
type of service in which the former could be used to better advantage 
than the latter. 


38. Conclusion.—From the results of this analysis it would seem 
quite reasonable to expect a more complete expansion engine with 
throttle control to show a higher thermal efficiency and greater fuel 
economy than a similar engine operating on the standard Otto cycle. 
If advantage is taken of the further improvement in efficiency due to 
varying the point of cutoff, constant efficiency at all loads, or, possibly, 
higher efficiency at part load than at full load may be obtained. In order, 


{Lucke, C. E., ‘Large Oil Engines,” A.S.M.E. vol. 46, p. 1052 
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however, to have an equal power output from both engines the more 
complete expansion engine would require a somewhat greater dis- 
placement, the increase in displacement depending on the point of 
maximum cutoff. 

For stationary or marine engines such an increase in displacement 
with its attendant increase in weight would not entail any great dis- 
advantage other than the consequent increase in first cost, and this 
would probably be compensated for by the lower operating cost due to 
better fuel economy. In this respect, however, the requirements of 
automotive transportation are quite different. While an improvement 
in fuel economy which is greater at part load than at full load is highly 
desirable, since engines in this service operate at loads above 50 per cent 
of their maximum such a small part of the time, the lower torque, or 
increased engine size for the same torque, as compared with the standard 
engine is a decided disadvantage in so far as present requirements and 
tendencies are considered. It would, of course, be possible to fix the point 
of maximum cutoff of a variable cutoff more complete expansion engine 
at the same point at which the inlet valve in the standard engine closes, 
i.e., 30 to 60 degrees after lower dead center. With this arrangement 
the full load, or maximum cutoff, efficiency and mean effective pressure 
of the more complete expansion engine would be about the same as 
those of a standard engine of equal size, while the part load character- 
istics would be similar to those found for the variable cutoff engine 
considered in this investigation. An engine which thus combines the 
full load torque of the standard engine with the part load efficiencies of 
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the more complete expansion engine would certainly offer possibilities 
in the automotive field particularly for taxi, bus, and truck service 
The demands of the aeroplane place such great emphasis on light weight 
that the more complete expansion engine can scarcely be considered 
in this connection. F urthermore, the aeroplane engine operates so con- 
tinuously at nearly full load that the advantage of high efficiency 
at part load, the outstanding characteristic of the variable cutoff more 
complete expansion engine, would be of little or no consequence. 
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